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Abstract
The review covers experimental results of evaporative lithography and analyzes existing mathematical models of this method.
Evaporating droplets and films are applied in different fields, such as cooling of heated surfaces of electronic devices, diagnostics
in health care, creation of transparent conductive coatings on flexible substrates, surface patterning. A method called evaporative
lithography emerged after establishing the connection between the coffee ring effect taking place in drying colloidal droplets,
and naturally occuring inhomogeneous vapor flow densities from fluid-vapor interfaces. Essential control of the colloidal particle
deposit patterns is achieved in this method by producing ambient conditions that induce a nonuniform evaporation profile from the
colloidal liquid surface. Evaporative lithography is part of a wider field, which is known as “Evaporative-induced self-assembly”
(EISA). EISA involves methods based on the contact line processes, methods employing particle interaction effects and evaporative
lithography. As a rule, evaporative lithography is a flexible and single-stage process with such advantages as simplicity, low price
and possibility of application to almost any substrate without pretreatment. Since no mechanical impact on a template is present
in evaporative lithography, the template integrity is preserved in the process. The method is also useful for creating materials with
localized functions, such as slipperiness and self-healing. For these reasons, evaporative lithography attracts increasing attention
and has a number of noticeable achievements at present. We also analyze limitations of the approach and ways of its further
development.
Keywords: Evaporative lithography, drops, liquid films, colloidal liquids, micro- and nanostructures, functional coatings.
1. Introduction
The drying of droplets and films on solid surfaces is accom-
panied by a number of phenomena of general physical inter-
est. As a result of evaporation, depending on the experimental
conditions, the deposition patterns of particles contained in the
liquid can be spatially structured in one way or another. This
process has proven to be technologically involved in a number
of applied studies and has led to the development of the evapo-
rative lithography method addressed in this review.
Before proceeding to the main subject of the review, we will
briefly describe the basic physical processes taking place in
evaporating droplets and films. These open systems exchange
mass and energy with environment. Complex behavior of such
systems is caused by many factors. Various physical and chem-
ical properties of the liquid solution, substrate, and ambient air
as well as the effect of external forces affect the evaporation
mode.
Out of many physical processes taking place in droplet and
film systems, the basic process is droplet evaporation into the
surrounding gas, which has been long regarded since Maxwell’s
studies mainly as vapor diffusion from the droplet surface (see
also [1, 2, 3]). The classic quasistationary theory of droplet
evaporation does not include the effects of fluid dynamics in
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the droplet and only partially takes into account the simplest
elements of heat transfer.
In the last twenty years, the evaporation of droplets and
films has attracted renewed attention due to the development
of new applications such as evaporation and combustion of fuel
droplets in engine [4, 5], interaction of droplets with surfaces
of varying wettabilities in jet printing [6], deposition of mi-
croarrays of DNA and RNA molecules [7, 8], pattern formation
on surfaces [9], disease diagnostics techniques [10], creation
of photonic crystals [11, 12, 13, 14], production of nanoparti-
cles [15], production of stable ultrathin film coatings of polar
liquids [16], cooling of devices [17, 18, 19, 20], removal of
nanoparticles from a solid surface for cleaning purposes [21],
etc.
The problem of evaporation of droplets and films containing
nanoparticles aroused a large interest. Nanoparticle structures
can appear on the free surface during evaporation and also re-
main on the substrate after drying. One of the examples is the
self-assembly of nanoparticles into organized superlattices (see,
e.g., [22]).
The presence of substrate nonuniformity and defects nor-
mally causes effective fixation (pinning) of the three-phase
boundaries of sessile droplets. Observation of different evapo-
ration process stages [23, 24, 25, 26] has shown that the longest
and dominant regime of the evaporation process is the one
where the contact line is pinned and the contact area of a drop
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with a solid base remains constant. As the volume of the ses-
sile droplet decreases, periodical displacements and fixations
of the contact line may occur. As further the contact line gets
completely depinned, the different regime, the constant contact
angle mode switches on. At the final drying stage, the height,
the contact area, and the contact angle rapidly decrease with
time.
Among the processes of spatial structuring of deposition
patterns from drying sessile droplets, the most known is the
so-called coffee-ring effect, which is observed in evaporating
droplets of colloidal and molecular solutions, if the deposits are
formed near the pinned contact line. The studies of Deegan et
al. theoretically proved that mass loss resulting from vaporiza-
tion occurs nonuniformly along the free surface of the liquid
layer, significantly increasing near the contact line [27, 28, 29].
Since the evaporation rate prevails at the droplet periphery,
compensatory flows are generated that transfer suspended and
dissolved matter to the three-phase boundary, resulting in an
annular distribution of deposited particles near the contact line.
The number of concentric structures of particles formed on the
substrate depends on the number of periodical modes of dis-
placement and fixation of the contact line, which can occur
with a decrease in the droplet volume [29]. The behavior of the
three-phase boundary and type of annular deposition, including
the presence of cracks, depend on the substrate roughness and
particle size [30].
A nonuniform mass flow during evaporation and the corre-
sponding heat transfer result in more than just a compensatory
flow. They also change the temperature distribution along the
droplet surface and due to temperature-dependent surface ten-
sion can cause Marangoni forces. These forces produce ther-
mocapillary convection inside a droplet [31, 32], that differs
qualitatively from classical Marangoni convection studied in
the systems with simple flat geometry [33, 34]. Under certain
conditions, the value of the thermal conductivity of the substrate
determines the tangential component of the temperature gradi-
ent at the droplet surface near the contact line and, as a result,
affects the direction of convection inside the droplet [35, 36].
Sometimes, in the presence of thermocapillary flows, some
of the colloidal particles deposit in the droplet’s central part.
Thus, the deposits inside the ring form a spot [37]. Uniform
distribution of the deposit over the entire area where the liquid
had previously come into contact with the substrate may be due
to the effect of capture of colloidal particles by the descending
free surface [38]. A similar pattern is obtained when surfac-
tant and surface-absorbed polymer are added to a binary mix-
ture [39]. When salt is added, its crystallization is observed in
the deposit in some cases [40, 41, 42]. For more details about
the coffee-ring effect suppression methods to obtain uniform
deposits, please refer to [43].
For rather large contact angles θ, the thermocapillary flow
can significantly exceed the compensatory flow. However, with
the small θ, the compensatory flow prevails over the Marangoni
convection for the following reasons. First, the Marangoni flow
velocity is proportional to θ2 and decreases rapidly in the final
stage of the evaporation process. Second, the thermocapillary
instability is known to occur only when the Marangoni num-
ber Ma = −σ′∆Th0/(ηκ) exceeds a certain critical value. Here
∆T is the temperature difference between the apex and the sub-
strate, σ′ is the temperature-based derivative of the surface ten-
sion, h0 is the droplet height, η is the fluid viscosity, and κ is the
thermal diffusivity. The threshold value for a flat fluid film is
about 80 [34]. The onset of the Marangoni convection has been
also confirmed in [44] for the particular case of droplets with
contact angle θ = 90∘.
There are other hydrodynamic effects in droplets and films,
which in some cases play a role in obtaining structured de-
posits. Solutal Marangoni flow is due to the influence of sur-
factants on the surface tension of the solution. For example, it
is shown in [45] that this flow can generate ring-shaped stains
in the case of a drop of salt solution. Finger-like instability in
films and droplets can occur when surfactants are present [46].
The thermocapillary rupture in a film flowing down a tilted
plate is observed in the local heating point [47]. The Leiden-
frost effect is another example of a classic effect in droplet-
film systems that is actively used and studied, including at
present [48, 49, 50, 51].
The heterogeneous heat and mass transfer in the evaporating
liquid is an essential condition for the emergence of structured
deposits not only in the case of the coffee ring effect but also
for many other problem statements. In liquid sessile droplets
such processes occur naturally in the vicinity of the contact
line. Also, for droplets and liquid films, heterogeneities can
be induced by producing ambient conditions described below.
The ability to create structures in a controlled manner using
such external influences is the fundamental of the evaporative
lithography method.
Progress in understanding the coffee-ring effect and other
physical processes occurring in evaporating droplets and films,
a substantial development in experimental research, and wide
interest in these phenomena in many applications have led to
the significant activity of experimenters and theorists in this
field over the last twenty years. For details about this subject
matter, refer to review papers. For example, dynamics and evo-
lution of thin liquid films [52, 53], spreading of surfactants at
thin liquid films [54], structural evolution of drying droplets
of biological liquids [55, 56], condensation and coalescence
of droplets [57], wetting and spreading effects [58, 59, 60],
modelling dewetting of evaporating thin films of nanoparti-
cle suspensions [61], nanostructures at boundaries of drying
droplets and films [62], organized structures of particles on
substrate [63, 64, 65, 9, 66, 67], inkjet-printed photonic crys-
tal structures [13], evaporation of thin films of colloidal so-
lutions [68], self-assembly of 3D structures of nano- and mi-
croparticles [69], hydrothermal waves in evaporating sessile
droplets and effect of substrate properties [70], structures of
particles appearing at moving contact line [71], mass transport
in evaporating droplets [72, 9, 73], stain geometry during evap-
oration of surfactant solution [74], evaporation of nanoparticle-
laden droplets [75], control of Marangoni convection in liquid
films [76], hydrodynamics in thin liquid films [77], properties
and applications of liquid marbles (droplets wrapped by micro-
and nanoparticles) [78], heat and mass transfer near liquid-gas
interface on heated substrates [79], methods for self-assembly
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of monolayers of colloidal particles [80], mitigating, suppres-
sion, and use of coffee-ring effect [43, 81], wetting and evap-
oration effects [82], deposits appearing at substrate after dry-
ing of multicomponent droplets [83], hydromechanical and me-
chanical instabilities during drying of solution droplets [84],
heat transfer associated with the liquid-vapor phase change on
functional micro- and nanostructured surfaces [85], stratifica-
tion of particles upon drying of colloidal films [86], multiscale
assembly of organic electronics [87], simulation of spread-
ing of surfactant-laden droplets [88], role of surfactants in ob-
taining of structures on substrates [89]. Self-assembly of or-
ganized structures during evaporation is reviewed in mono-
graphs [90, 91], evaporation and wetting – in books [92, 93],
cracks occurring during drying and associated structures –
in [94].
Many methods for obtaining structured deposits based on
self-assembly of micro- and nanoparticles as a result of evapo-
ration were proposed (e.g., [95, 90, 91, 96, 97, 98, 99, 100, 101,
102, 103, 104] and many others). The studies in this direction
are known as “Evaporative-induced self-assembly” (EISA). For
example, EISA is actively used to produce porous mesostruc-
tures [105, 106, 107]. Here, we propose the following classi-
fication of EISA methods (figure 1). This division into sub-
groups is, of course, very tentative, and some approaches can
often simultaneously combine principles that are characteristic
of different subgroups. The first subgroup of methods is based
on using contact line processes (“contact line methods” in fig-
ure 1). For example, a plate is placed above the film. It can be
a flat one [96, 108, 99, 104]. Sometimes plate is characterized
by varying curvature due to swelling [98]. In another cases,
its geometry is a spherical segment [100, 109], semicylinder
form [110], ad hoc geometrical shape [97], or a template with
groove/ridge surface topography [103]. Normally, the substrate
is immobile throughout the process. For example, in the ex-
periment [111], the substrate is heated to 130–140∘C to obtain
a conductive and transparent structured thin film of nanotubes
used in flexible electronics. Creation of periodical nanotube
stripes can be controlled with surfactants [108]. In another ex-
periment [99], the substrate is slowly displaced relative to the
plate located at a slight angle. This allows obtaining a pro-
longed film of perovskite. Such photoactive layers can be used
as flat solar cells. A periodical deposition pattern of binary col-
loid mixture can be also obtained under a moving plate [112].
This method is improved in [102] by using an oscillating blade
and a bending actuator. This provides additional possibility
to manage the pattern being formed. One more key parame-
ter of this technique is oscillation frequency of blade tip. The
mentioned EISA methods are normally based on the capillary
bridge and stick-slip motion effect [100] (see figure 1). Essen-
tially, it includes wetting of two surfaces by a film in a gap
between them [100] and mass transfer with the capillary flow
toward contact line where intensive evaporation occurs. Some-
times, the contact line moves periodically, which causes gener-
ation of concentric deposits [100, 8, 97, 71]. This also applies to
the drying of a liquid film with nanoparticles on the surface of
a layer of another liquid [113]. Sometimes, fingering instabili-
ties produce spokes patterns [109]. Authors [110] experimented
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Figure 1: EISA methods classification.
with DNA nanowires and concluded that spokes patterns can be
obtained instead of concentric rings by changing the pH solu-
tion. The drying deposition method on a vertical plate works
on the same principle [12, 114] (see figure 1). A meniscus is
formed near the plate due to liquid wetting. The capillary flow
transfers particles into this area. Thus, as the fluid dries, a par-
ticle layer or a periodical pattern is formed on the plate. If the
plate is withdrawn with some velocity, this is the dip-coating
method [115, 116, 117, 118]. For example, authors [118] em-
ployed dip-coating to produce organic transistors. Often the
micro- and nanoparticles structures formation occurs in areas of
film rupture, and as the dry patch expands further [61, 62, 119].
This method is known as dewetting-mediated pattern formation,
which is also included in the subgroup of contact line methods
(figure 1).
Another subgroup of methods is based on forces of parti-
cle interaction (figure 1). These include electrostatic and inter-
molecular interaction forces (Van der Waals forces) [120, 121,
122, 80, 123, 124]. The capillary particle interaction also needs
to be mentioned [125, 126, 127, 128, 80, 129]. Particles as-
semble directly on the substrate [125, 120, 12, 130], on the free
liquid surface [22, 128, 81, 129], or in the bulk [131, 132, 133].
Some methods are difficult to attribute to EISA, but they also
allow for the formation of certain patterns. Silver nanowires
were used in [134] to form stretchable electrodes with excellent
electromechanical stability subjected to periodical mechanical
deformation. An array of micron-sized droplets was applied
by spray coating to the surface. The nanowires within micro-
droplets were bent into curved shapes due to elasto-capillary
interaction while the microdroplets were moving towards the
solid surface. After the droplets impacted on the substrate, rings
were formed from overlapping elastic nanowires. Such struc-
tures can well tolerate bending and stretching while retaining
their electrical conductive properties [134].
The above methods of forming structured coatings are diffi-
cult to control, especially in real-time. The precise pattern is
hard to predict, except for its qualititative properties. Although
the work is also progressing in this direction [99, 102, 103],
another logical continuation of the development of these meth-
ods is the emergence of a narrower direction called “evapora-
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tive lithography” (figure 1). According to Deegan et al. theory,
which explained the coffee-ring effect, it is possible to control
the particle sedimentation process by manipulating the vapor
concentration near the two-phase boundary [27, 28, 29]. The
method called “evaporative lithography” [135, 136], was devel-
oped based on this theory. The essence of this method is to
create ambient conditions for nonuniform evaporation from the
colloidal liquid surface.
There are other lithographic approaches to creating poly-
mer coatings with topographic patterns at the micro- and
nanoscales. Sometimes, structured colloidal assemblies are cre-
ated on electrically [137, 138] and topographically modified
substrate surfaces [139, 140, 141, 142]. However, such ap-
proaches are not easy to apply to other classes of soft materials.
In nanoimprint lithography, the template is in contact with the
surface under pressure [143]. This sometimes leads to defects
in the template itself. Such defects affect the shape of the result-
ing patterns. Evaporative lithography implies no mechanical
impact on a template. For this reason, its integrity is preserved
in the process. The method of photolithography is widely
known, but this multistage process requires special equipment
and materials [144]. Structured surfaces of polymers can be
obtained by different molding methods, such as nanoscale in-
jection molding [145], capillary molding [146], and ultraviolet
nanoimprinting [147]. These methods have a number of dis-
advantages, such as lack of process flexibility and the need for
expensive equipment. Nanosphere lithography (colloidal bead
self-assembly) allows obtaining regular structures only of a sin-
gle spatial shape when nanoparticles are deposited in the cavi-
ties between densely packed microspheres [148, 149, 150, 151].
Microstereolithography requires using special materials (pho-
topolymers) [152, 153]. Besides, there is often a problem of the
destruction of printed 3D microstructure under the influence of
capillary forces (stiction problem) [152, 153].
EISA and, in particular, evaporative lithography are usually
one-step methods. They do not require expensive equipment
and materials. Besides, they can be applied to almost any sur-
faces. Unlike other EISA methods, evaporative lithography al-
lows obtaining structures with higher spatial resolution. Apart
from that, the resulting patterns can be very much varied. In
some cases, patterns are more stable (e.g., when particles are
thermally or chemically sintered). Such methods are suitable
for various applications in optical and microelectronics, health
care, nanotechnologies, and other fields (see section 2.4). For
this reason, evaporative lithography attracts more and more at-
tention. Convection is caused by the nonuniform evaporation
of colloidal film and transfers particles to the intense evapora-
tion area. The vapor flow density can be controlled along the
free surface of the liquid layer, for example, by placing a mask
above droplet [136]. The obtained structures replicate the shape
of the mask holes, which play the role of templates. A template
can be not only a solid obstacle but also many other things (see
sections 2 and 3 below). The method of evaporative lithography
has two restrictions. First, the total evaporation time increases
significantly because the mask blocks most of the liquid sur-
face. Second, since glassy polymer particles are not capable of
forming a solid film, only brittle coatings with cracks are ob-
tained for the polymer melting temperatures above room tem-
perature without additional efforts. The problem is solved by
introducing an IR source to the system [154]. Local heating cre-
ates intensive evaporation under holes in the mask. The parti-
cles heated by infrared light sinter well, so there are no cracks in
the resulting structure. This method is simpler, cheaper and can
be applied to almost any substrate without pretreatment com-
pared to other methods of creating textured layers. For exam-
ple, in the experiment [155], evaporative lithography was used
to demonstrate the possibility of creating materials with local-
ized functions such as slipperiness and self-healing.
The purpose of this review is to present the existing achieve-
ments in evaporative lithography and to analyze how this
method can be further developed. Section 2 deals with the main
experimental works in this field. It describes passive, active,
and hybrid methods of controlling the formation of colloidal
particle structures (figure 1). It also provides examples of prac-
tical use of these methods. Mathematical models of this class of
phenomena are discussed in section 3. The summary (section 4)
provides conclusions and discusses possible perspectives for
the development of evaporative lithography.
2. Experimental achievements in evaporative lithography
2.1. Passive methods for controlling particle sedimentation
Existing evaporative lithography methods can be provision-
ally divided into passive and active methods. The difference
is that active methods allow for real-time control of the pat-
tern structure being formed, while passive methods do not pro-
vide such a possibility. Control in passive methods is achieved
by adjusting static key parameters prior to process commence-
ment. Examples of such parameters may include the distance
between the mask and liquid [136], initial solution concen-
tration [156], size of the mask holes [136], material [157] or
tilt angle of substrate [158], distance between two adjacent
droplets [159, 160, 161], substrate temperature gradient (in case
of nonuniform heating) [162], etc. In this section, we will focus
on describing the experiments that are related to passive meth-
ods in evaporative lithography.
The experiment of Deegan et al. [28] shows a ring-shaped
pattern (figure 2) formed as a result of intensive evaporation
near the liquid-substrate-air boundary. The position of this ring
corresponds to the location of the three-phase boundary (the
pinned contact line). An analytical equation is derived in [29]
describing the function of the ring width w(t) versus time,
w = R
√︂
φ
4p
⎡⎢⎢⎢⎢⎢⎢⎣1 − (︃1 − ttmax
)︃ 3
4
⎤⎥⎥⎥⎥⎥⎥⎦
2
3
, (1)
where φ is the volume fraction of colloidal particles, p is the
packing density factor, t and tmax are the time and full time of
evaporation, respectively. Normally, under ambient conditions,
vapor flow density J(r, t) increases from center (r = 0) to pe-
riphery of a droplet (r = R), the height of which is much less
than the base radius (h(r = 0, t) ≪ R) [27]. The droplet base
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refers to the boundary where liquid comes in contact with sub-
strate. If vapor flow density is uniform along the free surface
of the droplet, a ring pattern is also formed (figure 2). Such a
spatial function J can be obtained if ambient humidity near a
free droplet surface is relatively high. For this purpose, the au-
thors [28] placed a substrate with droplet on the water surface
in a small container. In these two experiments, compensatory
flows appeared that transferred the suspended matter to the con-
tact line.
Figure 2: Types of deposits (left) and corresponding types of function J (solid
line) relative to droplet profile h (dashed line). Reproduced with permission
from Ref. [28] (Copyright (2000) by The American Physical Society).
In the third experiment [28], the droplet was covered with a
cap with a hole made in the middle. As a result of intensive
evaporation near the hole, compensatory flow carried the col-
loids to the central area. After the droplet dried, a spot-shaped
deposit was observed on the substrate (figure 2). Based on the-
oretical and experimental results, the authors [28] formulated
the idea of possible control over deposition process by manipu-
lating the vapor concentration around the droplet.
Another experimental team [135] carried out measurements
with a latex film drying on a substrate. The initial thickness of
the liquid layer was 0.15 mm. In some places, evaporation was
blocked by placing a coating with regularly located holes. The
distance between centers of adjacent holes was 16 mm. Such
a coating was located in close proximity to the free surface of
the film. Coating and film did not touch directly, but the gap
between them was sufficiently small. This allowed evaporation
to be blocked in certain local areas of the film. Figure 3 shows
the structure of the latex film dried using this method [135].
Figure 3: Film with selective evaporation in circular regions. Reprinted with
permission from Ref. [135]. Copyright 1998, American Institute of Chemical
Engineers (AIChE).
The results of profilometry [135] showed that the maximum
thickness of the final film is about 90 µm in areas where evap-
oration occurred. In places where evaporation has been sup-
pressed, the thickness of the dried film is about three times less.
The evaporation rate can be adjusted by selecting a liquid.
For example, in [163] ethylene glycol is used, which evaporates
relatively slowly. As a result, the capillary flow rate is less than
1 µm/s. The flow slowly transfers microspheres to the wall of
an open cylindrical cell. Nanoliter cells represent interest for
labs-on-a-chip [163].
The term “evaporative lithography” was suggested in [136].
A mask with holes placed above the film surface was used in
the experiment (figure 4). The authors [136] considered such
key parameters as the initial volume fraction of the solution
φµ, the mask design (geometric parameters), and the gap size
between the film and the mask hg. Masks contained a hexag-
onal array of holes of different diameters dh with a pitch of P
(distance between centers of adjacent holes). The resulting pat-
tern consisted of individual particle aggregates several microns
high. Their cross-sectional size was approximately equal to the
value of dh. Unary and binary colloidal films were investigated
in [136]. Silica microspheres and polystyrene nanoparticles
were taken. The authors [136] estimated the time of micro-
sphere sedimentation by dividing the initial height of the film
hi by the Stokes velocity U0 = 2a2∆ρg/(9µ), where a is the
particle radius, ∆ρ is the particle and water density difference,
g is the acceleration of gravity, µ is the dynamic viscosity of the
liquid. Full evaporation time (≈ 120 min) significantly exceeds
the sedimentation time (≈ 2 min). However, in case of diluted
solution, almost all particles migrated to the areas under holes.
In our opinion, it is possible with weak adhesion of particles to
the substrate, which does not prevent their drift in the direction
of convection.
The influence of the initial volume fraction of the solution
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Figure 4: Evaporation of film under mask. Reproduced with permission from
Ref. [136] (Copyright (2007) by The American Physical Society).
was studied at fixed values of parameters dh, P, and hg [136].
The value of φµ varied in the range between 0.005 to 0.3. Fig-
ure 5 shows optical images of resulting deposits. Their pat-
terns differ for different values of φµ. Discrete elements of sed-
imentation are formed under the holes when the initial volume
fraction of particles is small (figure 5a). Their diameter d f is
relatively small, d f < P. At φµ > φ*µ the diameter of such el-
ements d f corresponds to distance P, d f = P. In such cases, a
relatively thick continuous film with grooved surface is formed
(figures 5b, 5c). Dome-shaped prominences can be seen un-
der the holes (figure 5d). The critical initial volume fraction of
microparticles φ*µ is defined by the authors [136] based on ge-
ometrical considerations, φ*µ ≈ piφ fP/200
√
3hi ≈ 0.07, and ex-
perimentally (figure 5e). Volume fraction of randomly packed
microspheres φ f ≈ 0.64.
Figure 5: Optical images of the films obtained from colloidal suspensions with
φµ = (a) 0.005, (b) 0.1, (c) 0.3; (d) corresponding height profiles; (e) depen-
dence of the element diameter d f on the initial volume fraction of the solution
φµ. Reproduced with permission from Ref. [136] (Copyright (2007) by The
American Physical Society).
The dependence of the dried film height difference ∆h =
hmax − hmin on parameter hg/P is measured at a fixed value φµ
for different dh, P, and hg [136]. The value of ∆h is small at
hg/P > 0.3, which evidences of the poor segregation of par-
ticles. An increase in P at a fixed value of hg/P leads to an
increase in the value of ∆h.
In the case of a two-component solution with a volume frac-
tion of microspheres φµ = 0.3 and nanoparticles φn = 10−3,
the process is somewhat different [136]. First, a continuous
relief film from the microspheres is obtained. Second, nanopar-
ticles are assembled into discrete clusters under the holes in the
mask. The porous medium formed by the presence of cavities
between microspheres provides additional driving force to the
nanoparticles. Pore radius is ap ≈ 0.15aµ, where aµ is the mi-
crosphere radius. Liquid residues in pores under open area form
menisci with capillary pressure induced at their surface. The
pressure difference accelerates the transfer of nanoparticles to
places below the holes. Nanoparticles migrate into a network
of cavities when the radius of the nanoparticles is anano ≪ ap.
The dependence of the resulting particle distribution structure
on the size ratio of micro- and nanoparticles in a binary system
is studied separately in [164]. The plot (figure 6) shows that
at aµ/anano > 7 the element diameter is close to the hole size
(dh = 250 µm). The value 7 corresponds to the case when the
size of nanoparticles is equal to the pore size.
Figure 6: The diameter of the element (sedimentation of nanoparticles under the
mask hole) as a function of aµ/anano (inset schematically shows filling of pores
between microspheres with nanoparticles for a high ratio of sizes). Reproduced
from Ref. [164], with permission of Royal Society.
The possibility of obtaining an inverted pattern from de-
posited particles was demonstrated in [156]. Under certain con-
ditions, particles accumulate under covered areas of the mask.
Thus, a sort of inverted pattern is obtained relative to the pat-
tern of holes in the mask. The authors [156] used silica mi-
crospheres with a radius of 492 ± 58 nm suspended in ethanol.
The particles were stabilized in solution using a surfactant. The
initial volume fraction of solution φi varied in the range be-
tween 0.001 and 0.15. Fluorescence microscopy and tracers
were used in the experiment for direct observation and visual-
ization of flows (see the Supplemental Material video [156]) (a
small fraction of particles was marked with fluorescent). Two
types of masks were used: with an array of hexagonally struc-
tured holes and in the form of parallel strips. When the initial
concentration of the solution is low, the particles accumulate
in masked areas (figure 7a), where evaporation is slow. At the
same time, a depleted zone appears under the holes, the size of
which grows linearly over time (figure 7b). The fact is that with
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intense evaporation under the mask holes, the local temperature
of the film surface decreases. The variation of temperature and
the associated surface tension gradient lead to the Marangoni
convection. This convection flow is directed from a low surface
tension area to a high surface tension area where the film sur-
face temperature is relatively low. Typical particle velocity in
such flow is about 10−3 m/s. For comparison, the velocity of the
compensatory flow caused by evaporation is LE˙/hi ≈ 5 × 10−7
m/s. Here, L = 2.5×10−4 m is the typical size of the convection
flow cell, the evaporation rate is E˙ = 2.2 × 10−7 m/s, and the
initial film height is hi = 10−4 m. The authors [156] observed
that the Marangoni effect disappears when the solution reaches
a critical volume fraction φc ≈ 0.22. When the values of φi
are relatively high, structure inversion is not observed since the
system is mostly affected by the compensatory flow.
Figure 7: (a) Fluorescent image of the drying film (φi=0.001) at 190 s after
placing the mask (dh = 250 µm, P = 2dh); (b) an increase in the size of
the depleted zone under the hole over time. Reprinted with permission from
Ref. [156]. Copyright 2008 American Chemical Society.
In [165], the rod was used as an obstacle locally blocking
evaporation above the thin film surface (figure 8a). Nonuni-
form evaporation resulted in appearance of a dip under the ob-
stacle surrounded by a rim (figure 8b). The diameter of the rim
corresponds to the diameter of the cylindrical rod. The exper-
iment employed a glass substrate and colloidal silica particles
with a radius of about 11 nm. The rod radius R and the gap
between the rod and the film H varied in the experiment [165].
These two key parameters allow adjusting the width and depth
of the dip. The authors [165] state that the liquid-air interface
is curved in the process of nonuniform evaporation. It becomes
convex under the obstacle. The solid dried layer starts form-
ing at a distance from the rod location. The solid-liquid phase
boundary gradually propagates toward the rod. The liquid flows
from the closed area to the open area where evaporation is in-
tense. In addition, the liquid is pumped out of the closed area
by filtration. The resulting porous structure of the solid layer
sucks the liquid into the capillaries due to the pressure gradient.
The area of film under the rod dries the last.
Figure 8: (a) Setup for film evaporation control. The film is schematically
shown at the initial moment. (b) A dip with a rim is formed under the obstacle.
Dried layer profile obtained with a film thickness of e0 = 3.5 µm, rod diameter
of 2R = 5 mm, and a gap of H = 1 mm observed using optical profilometer
(zero of the vertical axis corresponds to the film level away from the obsta-
cle). Reproduced with permission from Ref. [165] (Copyright (2010) by The
American Physical Society).
IRAEL (infrared radiation-assisted evaporative lithogra-
phy [154]) is a modification of the approach proposed in [136]
with a mask. To increase the evaporation rate, an infrared lamp
is added to the system (figure 9) [154, 157]. If the melting
point of polymer particles exceeds room temperature, exter-
nal IR heating enables the coalescence of particles. A relief
glass film without cracks is formed after drying. For compar-
ison, structures of solid polymer particles obtained using the
standard method [136] are brittle. The thickness of thin solid
films with periodic and stable structure can vary from several
microns to submillimeter sizes [154, 157]. In [136], the evap-
oration process lasted about two hours since the mask blocks a
part of the free film surface. In the case of IR heating, the pro-
cess lasts several minutes or dozens of minutes depending on
lamp power [154, 157]. High-power lamps should be used in
such a way that the system does not overheat. The issue is that
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the boiling liquid adversely affects the formation of the required
pattern [157]. Radiation power density Pd = PE/(2pirlL) [154]
or Pd = PL/(4pir2l ) [157], where rl is the distance from film sur-
face to a light source, L is the length of a cylindrical emitter, PE
and PL are the powers of emitter and lamp, respectively.
Figure 9: (a) A film evaporating under the mask illuminated by an IR lamp;
(b) resulting pattern; (c) physical parameters of the system. Reproduced from
Ref. [154] with permission from The Royal Society of Chemistry.
In their experiment, the authors [154] used aqueous latex
films and an IR lamp (PL = 250 W) to study the influence of
hi, φi, hg/P and P on ∆h. The value of ∆h linearly increases
as the initial film height hi increases. The vertical distance be-
tween the peak and the valley ∆h also increases with pitch P.
This only occurs until a certain value (P ≈ 3 mm) is achieved.
Further increase in P does not affect the increase in ∆h. An
increase in the initial volume fraction φi causes the increase in
∆h, if φi < φc. The value of ∆h decreases if the initial volume
fraction is above a critical value of φc ≈ 0.35. The decrease of
∆h is also observed when hg/P is increased.
Marangoni flow in IRAEL is expected to be directed from
open areas to those covered with a mask having relatively cold
temperatures. However, the authors [154] observed the accu-
mulation of substance in open areas. This indicates that the
compensatory flow resulting from evaporation prevails. For
theoretical assessment, the authors [154] used characteristic ve-
locity of thermocapillary flow VM = (hi/L)(dγ/dT )(∆T/µ) and
typical velocity of compensatory flow VE = LE˙/hi, where a
capillary length is L = hi
(︁
γ/
(︁
3µE˙
)︁)︁1/4
, γ is the surface tension,
µ is the solution viscosity, E˙ is the evaporation rate, and ∆T
is the temperature gradient. With a high ratio of ψ = VM/VE ,
Marangoni flow prevails. The compensatory flow prevails when
ψ is low. As the evaporator is lost, the solution concentration φ
grows along with the viscosity µ(φ). When µ increases, ψ de-
creases. Thus, this assessment confirms the observation of the
fact that with φ > 0.22 Marangoni flow disappears [156].
The effect of IR emitter power on the system was studied
in [157]. Carbon IR emitters with a power value from 1,600
W to 2,400 W were used in the experiment [157]. Radiation
power density Pd was measured as a function of rl and PE .
The value of Pd nonlinearly increases as the emitter power in-
creases, and the distance between the IR light source and the
film decreases. With a higher power of PE , the temperature in
the film rises faster over time. This allows adjusting the evapo-
ration rate. The authors [157] used different substrate materials
(brass, copper, steel, glass, paper, aluminum alloy, polyester).
The experiment showed that the type of substrate material af-
fects such a parameter of the formed structure as ∆h. According
to the authors [157], the difference in ∆h is due to the influence
of heat conductivity, absorption of IR radiation by the substrate
and the surface energy of the material. To explain the empirical
data obtained, more detailed research and mathematical model-
ing are needed.
There are several reasons for the deformation of the free sur-
face of the liquid film, which plays an important role in evap-
orative lithography. For example, surface disturbance by air-
flow, fin effect in the three-phase boundary, partial covering of
the film area with a plate, evaporation from an inhomogeneous
substrate, etc. (figure 10). One of the promising directions
is the use of composite substrates with variable heat proper-
ties [166, 167].
Figure 10: Possible causes of curvature of the liquid film free surface. Adopted
from Ref. [167] with the permission of Springer.
The authors [166, 167] used an aluminum substrate with a
Teflon strip applied (figure 11). Heat conductivity coefficients
of aluminum and Teflon, λ1 and λ2, respectively (figure 10). A
thin glass plate with a liquid film was placed over the substrate.
Such an approach allows using the substrate as a template many
times since the pattern is formed on a glass plate. Teflon emits
heat slower than aluminum as the latter has relatively high heat
conductivity. For this reason, the local part of the liquid film is
relatively cold due to evaporation in the Teflon area. The alu-
minum substrate was placed in a drying channel through which
air was blown. Airflow rate u is one of the parameters studied
in [166]. Moreover, the experiment was conducted at different
temperatures T . In the considered range of parameters (u =
0.5–1.5 m/s and T = 25–40∘C), no significant differences in fi-
nal patterns of deposits were observed. Solution of methanol
and polyvynilacetate was used [166, 167]. The surface ten-
sion of the solution was measured at different temperatures and
concentrations [166]. The data on the dependence of solution
viscosity on concentration were also provided [167]. At differ-
ent time stages of evaporation, the authors [166] observed sev-
eral types of instability on the liquid surface. In their opinion,
this is associated with the influence of the thermal and solutal
Marangoni effects alternatively prevailing at different process
stages. A quasi one-dimensional model was used in [166] for
calculation of liquid mass fraction and film surface tempera-
ture variation in time. According to calculations, the temper-
ature above Teflon is lower than that above aluminum. The
mass fraction of liquid in the solution decreases faster above
aluminum over time. Lateral mass and heat distribution are dis-
regarded [166]. Model [166] is not discussed in section 3 since
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it is too simple.
Figure 11: Heterogeneous substrate from the experiment [166]. Reprinted from
Ref. [166], Copyright (2013), with permission from Elsevier.
In [167], the method with a composite substrate is compared
to the film evaporation partially covered with a plate on top (fig-
ure 10). While in the first case the nonuniform evaporation is
caused by the heterogeneous heat conductivity of the substrate,
in the second method the evaporation is simply blocked in a
certain area by the plate. Figure 12 shows profiles of two final
patterns obtained using the above methods. Both cases demon-
strate deposit peak in the part of the intensive evaporation area
near the boundary of the slow evaporation area. Difference in
the solid film thickness on a composite substrate, ∆h ≈ 20 µm.
For comparison, in the pattern obtained due to partial blocking
of evaporation with the plate, ∆h ≈ 55 µm.
Figure 12: Comparison of profiles of the final patterns obtained using two meth-
ods. Reproduced from Ref. [167] with the permission of Springer.
The authors paid special attention to visualizing the flow and
measuring its velocity [167]. Three areas were focused on: 1)
center of the covered area; 2) the intermediate; and 3) the open
area. The maximum of the flow velocity was measured in the
intermediate area, vmax ≈ 98± 12 µm/s. The observation results
showed that the flow velocity increases initially. After a while,
the rate begins to decelerate due to the increasing viscosity in
Figure 13: Outline of the experiment [169]. (a) Heating of the droplet top with
a laser. (b) The droplet on the substrate heated to 50∘. (c) Substance carried
by the flow into the laser-heated fast-evaporating central area. (d) Substance
carried by the flow to the three-phase boundary in the droplet on the heated
substrate. Reproduced from Ref. [169] under Creative Commons Attribution
License 4.0.
the solution as the solvent is lost. For more details on the mea-
surement method, see [168].
In some applications, the direction of the compensatory flow
should be reversed to suppress the coffee-ring effect. The au-
thors [169] heated the top central part of a droplet with CO2
laser (figure 13a). The droplet was placed on a hydrophobic
substrate over a hydrophilic well. The well in the substrate cor-
responded to droplet center. Due to heating, the evaporation
rate in the central area was higher than in periphery. Conse-
quently, the compensatory flow was directed from the droplet
periphery to its center (figure 13c). Over time, suspended DNA
molecules accumulated in the well. At the same time, the three-
phase boundary was displaced (“slip motion” or constant con-
tact angle mode). Due to a small amount of DNA molecules
in the periphery, no pinning occurred. After drying, stain-
like deposits were formed (figure 14a). As opposed to eOMA
method [170] (see section 2.3), the method proposed in [169]
does not require the use of surfactants.
For comparison, the authors [169] carried out an additional
experiment with the heated substrate without using laser (fig-
ure 13b). It was shown that in this case a ring pattern is formed
(figure 14b) in the area of a pinned three-phase boundary. The
boundary is pinned due to the accumulation of DNA molecules
drifted by the compensatory flow toward the periphery where
evaporation has a higher rate (figure 13d).
Opposite to the results of [169], during point heating of the
droplet center with IR light, particles were carried with the flow
toward the periphery in the experiment [171]. And vice versa,
when the point area at the droplet edge was heated, particles
were carried to the opposite edge. The authors [171] explained
such a transfer by an emerging Marangoni flow. This flow is di-
rected along the surface from a warm area to a cold area where
liquid surface tension is relatively high. To confirm this, the
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Figure 14: Deposit pattern (a) under exposure to laser and (b) on a heated
substrate. Reproduced from Ref. [169] under Creative Commons Attribution
License 4.0.
authors [171] developed a mathematical model and carried out
a series of calculations. The model [171] describes buoyancy-
induced flow and Marangoni convection in a constant droplet
volume with the surface point heating. The model [171] does
not account for the convection-diffusion equation to describe
the particles transfer, nor it accounts for the movement of the
two-phase boundary or for volume heat flux resulting from the
IR light passage through the liquid. The numerical results are
difficult to attribute to evaporative lithography unlike the exper-
imental part. For this reason, section 3 does not provide a de-
tailed description of the model [171]. For a pure water droplet,
an influence of local heating both on Marangoni flows inside
the drop and evaporation kinetics was observed in [172].
2.2. Active Methods for Controlling Particle Sedimentation
Real-time control of particle deposition using active methods
is mainly achieved by regulating dynamic key parameters of the
system. As a rule, this implies some kind of external influence,
for example, a powerful light emitter [173] or an intensive air
flow [174]. Parameters of external sources can be controlled
during the drying of the colloidal liquid. In this section, we
will review the main experimental achievements regarding ac-
tive methods in evaporative lithography.
The vapor concentration above the film surface can be con-
trolled by the dry air flow. For example, a concentric nozzle
was placed above a liquid film containing nanoparticles. This
film was preapplied to a glass substrate [174]. Figure 15(b)
shows the sketch of the experimental setup. The authors [174]
used a nozzle with two holes. However, they believed that more
holes could be made (figure 15(a)). Dry air was blown out
through the inner needle (inner radius R1 = 0.25 mm, outer
radius R2 = 0.42 mm). Air was pumped in through the outer
needle together with vapor (inner radius R3 = 0.69 mm, outer
radius R4 = 0.92 mm). Thus, the dynamic parameter in such
a system is the air flow velocity u. The maximum velocity of
the blown-out airflow can be expressed as umax = 2Q/
(︁
piR21
)︁
,
where Q is the flow rate. If Q = 1 mL/min, we obtain the value
of umax = 0.16 m/s. As a result of the experiment [174], the dry
deposition was obtained under the central part of the nozzle.
The spot pattern diameter is approximately 1 mm (figure 15(c)).
A series of experiments for different values of Q allowed deter-
mining the dependence of the dry spot diameter and height on
the air flow velocity. If Q increases, diameter decreases, and
the height grows [174]. Apart from that, the authors [174] also
developed a mathematical model of this experiment (see sec-
tion 3).
Figure 15: (a) Active control in evaporative lithography schematically. (b)
Sketch of the experimental setup. (c) Image of the resulting pattern. Reprinted
from Ref. [174], Copyright (2018), with permission from Elsevier.
Infrared (IR) beams can be projected to the solution surface
without a mask. For this purpose, the authors [173] used an
IR laser and a digital multimirror device. The authors present
the proposed technology as an active method to control the de-
position of the substance during evaporation, suitable for use
in the production of organic electronic materials. Such a sys-
tem allows engineers to realize both time-based modulation of
illumination intensity and spatial one in parallel manner very
fast. Two different types of solutions were used in the exper-
iment [173]. 1) An aqueous dispersion of poly(3,4-ethylene
dioxythiophene)- poly(styrene sulfonate) (PEDOT:PSS) was
taken as a high-molecular-weight solution. 2) A low-molecular-
weight solution was also used that included red and blue light-
emitting polymers dissolved in mesitylene. For the first type of
solution, the initial film thickness was h0 ≈ 160 µm. A film
thickness for the second type of solution was relatively thin,
h0 ≈ 1–3 µm. The experiment results showed two process be-
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Figure 16: (a, c) IR light templates and (b, d) corresponding modulated deposi-
tion patterns for (b) the dried solution of mesitylene and the red light-emitting
polymer (pattern width is 2 cm) and (d) PEDOT:PSS in water (pattern width is
2.5 cm). Reprinted with permission from Ref. [173]. Copyright 2012 American
Chemical Society.
.
haviors depending primarily on the film thickness and molec-
ular weight of the dissolved substance. The dissolved high-
molecular-weight substances, which are forming a skin on the
free surface of relatively thick films, tend to accumulate in irra-
diated areas where evaporation rate is the highest. In contrast,
the redistribution of low-molecular dissolved substances in thin
films is caused by the surface tension gradient resulting from
temperature and concentration differences, which may lead to
a decrease in the dissolved substance in the illuminated areas.
In other words, an inverted pattern is obtained. Figures 16a and
16c show light templates (white color shows illuminated areas).
Corresponding patterns are shown in figures 16b and 16d. To
obtain a text from a red light-emitting polymer (figure 16b),
the experimenters [173] applied an inverted light template (fig-
ure 16a). The thickness of PEDOT:PSS dried layer was several
microns (figure 16d). A numerical simulation of this experi-
ment was performed in [173] (see section 3). The authors [173]
believe that further studies in this field will allow one to opti-
mize proposed method.
Marangoni flow can also be controlled in real time by a point
vapor source. The authors [175] proposed changing the loca-
tion of the vapor source above the droplet in space and time to
achieve the structuring of deposits on the substrate (figure 17a)).
The source was a needle with inner diameter of r0 ≈ 80 ÷ 640
µm. Dry ethanol was used as vapor. The liquid surface tension
near periphery is shown in figure 17a as γ1. In the vapor source
area, the surface tension reduces to γ2 (γ1 > γ2). The surface
tension gradient causes the emergence of Marangoni flow that
redirects the transfer of suspended particles. In the absence of
ethanol, the capillary flow forms an annular pattern (figure 17b).
In the presence of a vapor source (dry ethanol), the Marangoni
flow emerges, and a central spot is formed (figure 17c).
In the experiment [175], 1 µL droplets with silica particles of
about 2 µm (density of ρSi = 1850 kg/m3 and the sedimentation
rate in water of vs ≈ 2.1 µm/s) were used. The droplet contact
angle on glass is θ 6 5∘. Measurements showed that the flow
velocity increases as h decreases (h is the distance from the
substrate to needle tip). If h is low, the flow velocity v exceeds
the sedimentation rate vs by more than an order of magnitude.
Figure 17: The effect of a point vapor source on the final deposits of the evap-
orating sessile droplet. (a) Schematic representation of the experiment. (b, c)
Final deposits after evaporation in (b) the absence of ethanol and (c) its presence
in the needle. At the bottom of the panel, there are histograms with correspond-
ing particle distribution density ρ along the droplet diameter. Reprinted with
permission from Ref. [175]. Copyright 2018 American Chemical Society.
The authors [175] obtained an analytic assessment,
v (h) =
hD
2ηR
[︀
γ(h,R) − γ(h, 0)]︀ ,
where η is the water viscosity, hD is the droplet height and
γ(h, r) = γW − β2
c0r0√︀
(h − hD)2 + r2
.
Here, c0 is the ethanol concentration at the needle tip and β is
the proportionality constant [175].
As the vapor source is moved along the droplet surface, the
location of the minimum surface tension can be dynamically
shifted. This allows changing the flow configuration in the
mode close to real time. Figure 18 shows several resulting pat-
terns corresponding to different needle motion types.
Figure 18: Applying a pattern to the surface using dynamic spatial and tempo-
ral control of the Marangoni flow. Different surface structures of deposited col-
loidal particles after evaporation obtained by shifting an ethanol vapor source
in (a–c) one or (d–f) two spatial directions over time: (a) line, (b) two dots,
(c) three dots in a line, (d) three dots in 2D configuration, (e) cross, and (f)
letters UCL. Scale lines correspond to 1 mm. Reprinted with permission from
Refs. [175]. Copyright 2018 American Chemical Society.
Two years earlier, other researches achieved a similar re-
sult due to the displacement of a substrate with droplet relative
to a fixed laser emitter [176] (figure 19). The locally heated
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Figure 19: Particle deposit formation under exposure to laser beams and at dif-
ferent conditions: (a–c) a laser beam is projected to the central part of droplet;
(d) a laser beam is projected near periphery; (e) a laser beam is projected first
in point 1 and then, over some time, in point 2; (f) the substrate was moved
relatively to the laser beam with a constant speed of 0.12 mm/s. Reproduced
from Ref. [176] with permission from The Royal Society of Chemistry.
area loses its liquid due to evaporation relatively faster. Conse-
quently, the compensatory flow rushes into the illuminated area,
capturing and carrying the particles there. An IR laser with a
wavelength of 2.9 µm was chosen for the experiment since in
this range water adsorbs the heat of the passing light wave well.
Polystyrene particles of about 0.5 µm in size were used. The
authors [176] measured the dependence of the evaporation time
of droplets on the radiation power density (53–224 W/cm2) for
droplets of 2 to 10 µL. The size of the formed deposits was also
measured as a function of the beam diameter. The types of de-
posits were also defined for the cases when the laser switches
off at some point of time toff 6 tfL, where tfL is the time of
the complete drying of the droplet. The time intervals can be
conditionally divided into three zones: 1) toff/tfL < 0.6, 2)
0.6 6 toff/tfL 6 0.7, and 3) 0.7 < toff/tfL 6 1.0. Zone I corre-
sponds to coffee-stain or coffee-stain-like structures. Uniform
deposits are typical of zone II. Inverted coffee stains were ob-
served in zone III.
2.3. Hybrid Methods for Controlling Particle Deposition
Hybrid methods combine flow control through evaporation
with other approaches that are classified as EISA or not. Many
variations are possible. For this reason, we will not try to men-
tion all of them here but only give some illustrative examples.
Some applications require a uniform and relatively large de-
posit area of densely packed particles, for example, for the
creation of photonic crystals. Uniform deposit was obtained
in [177] after directional evaporation from a Hele-Shaw cell.
The colloidal film was in the gap between two glass plates (fig-
ure 20a). All sides, except one, were covered with varnish.
Thus, evaporation only occurred in the area of the open cell.
The capillary flow carried the particles and arranged them into
a multilayer structure toward the opening. The authors state
that the formation of the pattern was also affected by the cap-
illary attraction of particles and their electrostatic interaction.
Figure 20: (a) Sketch of the experiment with Hele-Shaw cell. (b) An image of
the formed structure with directional evaporation. Reproduced with permission
from Ref. [177] (Copyright (2017) by The American Physical Society).
Weak diffusion was also observed in the system. It is notewor-
thy that densely packed and chaotic zones can be distinguished
in the structure (figure 20b). Sometimes, cracks were observed
in densely packed zones at the end of the process. Further study
and more detailed knowledge of such processes will allow un-
derstanding of the ways to improve properties of the resulting
structure.
The method proposed in [178] is based on a combination of
the compensatory flow directed toward the periphery and the
optically induced Marangoni flow directed along the surface
from edge to the center. The experimental setup is shown in fig-
ure 21a schematically. The authors [178] used photo-sensitive
surfactants AzoTab, which increased the water surface tension
under ultraviolet (UV) radiation. As a result, the circulating
flow carried colloidal particles into the central area affected by
UV light (figure 21b). This method was named evaporative op-
tical Marangoni assembly, or eOMA. In figure 21b γUV and γvis
are the surface tension factors under exposure to UV and visible
light, respectively (γUV > γvis).
Figure 22 shows examples of patterns formed by UV illumi-
nation of some areas of droplets surfaces during evaporation,
including the use of different geometry of photo masks (points,
stripes, circles, squares, letters). Droplets volume varied be-
tween 12 and 20 µL. The authors [178] are confident about
flexibility of this method. Their experiments proved the ap-
plicability of eOMA to different sizes and charges of particles.
Key parameters of the eOMA method were studied in de-
tail in the subsequent work [170]. The authors considered the
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Figure 21: (a) Sketch of experiment, (b) flow structure under the UV illumina-
tion of the central part of the colloidal droplet surface with additives of photo-
sensitive surfactants; deposit type after drying. Reprinted with permission from
Ref. [178]. Copyright 2015 American Chemical Society.
Figure 22: Patterns obtained using eOMA method. (a) Single-spot scan-
ning, (b) single-spots projected through photomasks, (c) strips, circles, squares,
and letters projected through photomasks (scale lines correspond to 2 mm).
Reprinted with permission from Ref. [178]. Copyright 2015 American Chemi-
cal Society.
case when a thin (relative to droplet base diameter) UV beam
was directed to the central part of the droplet. This allowed
obtaining a cylinder-shaped deposit in the middle of the ring
(figure 23). The following parameters were studied: the con-
centration of surfactants and colloidal nanoparticles, diameter
and intensity of the light beam. These parameters affect the size
and volume of light-induced central particle deposit. In the ex-
periment, 7 µL drops were used. The radius of central deposits
varied from 0.1 to 0.7 mm at different values of key parameters.
Their height varied from 0.5 to 1 µm. The volume varied in the
range between 0.05 and 0.3 nL. The Marangoni flow velocity
was assessed based on formula UMa ≈ (h/η) ·∇γ, where h is the
droplet height, η is the dynamic viscosity and ∇γ = γUV − γvis.
The value of ∇γ varies in the range of approximately 1 to 12
mN/m depending on the concentration of surfactants. Measure-
ments showed that the volume of central deposit increases non-
linearly with increasing colloidal nanoparticle concentrations.
The size of the particles in the experiment was about 30 nm.
The experiment also showed the possibility of forming a cylin-
Figure 23: Particle deposits formed after the droplet dries under point ex-
posure to UV radiation. (a) Sketch of experiment. (b) Image of the resulting
structure (left), ring deposit profiling (top-right) and central deposition profiling
(bottom-right). (c) Three-dimensional representation of ring morphology (top)
and central deposition (bottom). Reprinted with permission from Ref. [170].
Copyright 2017 American Chemical Society.
drical deposit in an arbitrary area illuminated by an UV beam.
The authors [170] determined the optimum surfactant concen-
tration relative to the value of ∇γ varying over time. It is better
to have an initial concentration of Cs ≪ CMC, where CMC is
the critical micellar concentration. Then, most of the process
time, ∇γ takes a relatively high value.
Another method combines evaporative lithography, topo-
graphic and chemical surface modification. The authors [179]
developed a method based on using evaporative lithography in
the open microfluid channel networks (figure 24a). First, a solid
surface was topographically structured using a photolithogra-
phy method based on polydimethylpolysiloxane (PDMS pho-
tolithography). For the experiment, several substrates with dif-
ferent channel geometries were manufactured: straight, zigzag,
and square mesh. Channel widths varied between 5 and 10 µm,
and the depth was about 5.6 µm. The microchannels were con-
nected to a loading reservoir (a cell in the form of a cavity in
the substrate to locate the droplets). Such a system of cavi-
ties in the substrate was subject to plasma treatment. Thus, the
surface wetting property in these areas changed locally from
hydrophobic to hydrophilic. The obtaining of the multilayer
particle structure is divided into three stages (figure 24b). 1)
Liquid flows quickly through hydrophilic microchannels after
colloidal droplets are placed in the reservoir. 2) The flow gen-
erated by evaporation carries the particles toward the channel
dead-end. 3) The formed deposit boundary slowly moves from
the dead-end in the channel toward the reservoir.
Micro- (figure 25a) and nanoparticles (figure 25b) were used
in the experiments [179]. The authors believe that the proposed
method will allow for the future production of thin transparent
electric conductive films with the required width of the con-
ductor and the required gap between adjacent layers. They also
believe that this approach can be applied to polymers, pigments,
vesicles, cells, bacteria, viruses, and other biological molecules
to build 2D and 3D structures. Additional studies are required
in this field.
Another experiment showed the possibility of formation of
polygonal deposits when a colloidal droplet dries on a mi-
crostructured substrate [180]. Soft lithography followed by
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Figure 24: (a) Schematic diagram of the experiment [179] with the evaporation
of liquid from open microchannels. (b) Three main process stages. Reprinted
with permission from Ref. [179]. Copyright 2017 American Chemical Society.
Figure 25: Optical image of the transfer process of (a) latex microparticles and
(b) gold nanoparticles. Reprinted with permission from Ref. [179]. Copyright
2017 American Chemical Society.
etching was used for fabrication of such a substrate with an ar-
ray of micropillars (figure 26a). Droplets volume in the exper-
iment [180] was about 2 µL. Polystyrene particles of different
diameters were used (0.1, 0.5, 1.0, 10, 20 µm). The structures
with a different pitch between the pillars (30, 90, 120, 140 µm)
were used with fixed values of diameter (30 µm) and height
(100 µm) of the pillar. It should be noted that the structured
deposits obtained using this method contained no cracks (fig-
ure 26b,c), which is important, for example, for inkjet printing.
The phenomenon of hexagonal pattern formation needs to be
clarified, and this issue remains open [180].
A combination of colloidal bead self-assembly and evapo-
rative lithography was proposed in [181]. The liquid with gold
nanoparticles (approximately 20 nm in diameter) is added to the
monolayer of densely packed polystyrene microspheres (50 or
100 µm in size) on the substrate. As a result, liquid bridges net-
work is formed in the cavities between microspheres. Packing
of particles can be controlled by adding surfactant to the solu-
tion [182]. The liquid bridges stabilization mechanism is stud-
ied in [183]. After the microspheres are removed with adhesive
tape, this network remains on the substrate. During slow evap-
oration, nanoparticles do not drift to the contact line because
diffusion prevails over convection. After evaporative assembly,
microwire patterns are formed from nanoparticles. The width of
Figure 26: Hexagonal deposits. (a) Image of a hexagonal array of micropillars
(scanning electronic microscopy). (b) Restored x-ray tomographic images of
colloidal liquid on a hexagonal array of micropillars (left) and hexagonal de-
posit after evaporation (right). (c) Image (scanning electronic microscopy) of
hexagonal deposit on a hexagonal array of micropillars. Reproduced with per-
mission from Ref. [180] (Copyright (2019) by The American Physical Society).
the individual wires ranges approximately between 2 and 4 µm.
Their height is about 1–2 µm. The authors [181] called this
method “bridging lithography”. The resulting network struc-
ture can be used as a transparent conductive coating. Measure-
ments showed transparency exceeding 80% and resistance per
square from 0.5 to 1.0 Ω/ [181]. A mask template placed on
the substrate made using the photolithography method can be
used instead of microspheres [184]. To obtain quantum dots in
the form of nanorings, a combination of colloidal lithography
and capillary lithography can be used [185]. This method was
called “evaporative templating”. In the drying film, the micro-
spheres are formed as a monolayer on the substrate. Nanopar-
ticles occupy the pores formed by these spheres packing. In
the process of evaporation, nanoparticles are attracted to mi-
crospheres by capillary action. The latter, in turn, are removed
from the surface. As a result, many individual nanorings re-
main on the substrate, the diameter of which can vary from a
few nanometers to several hundred nanometers [185]. The au-
thors [186] proposed to combine die-coating technology, EISA
method based on capillary bridge (stick-slip motion of contact
line), and active evaporation control due to local air flow.
Effect of electrowetting [187], magnetic [10, 188, 189, 190,
191], and acoustic [192] waves, gravity [193] and centrifu-
gal force (spin coating) [194, 195], porous substrates imbibi-
tion [196, 191], salt additives [197, 198, 199], etc. on transfer
of particles is also worth mentioning. Hybrid methods may be
both active and passive (figure 1). The emergence of new meth-
ods and wide interest in evaporative lithography are due to a
large number of relevant applications from various fields of hu-
man activity.
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2.4. Evaporative Lithography Applications
Such promising applications as the formation of transparent
and conductive structures for the purpose of optical electronics
and microelectronics [181, 200, 201, 202, 179], mass transfer in
nanoliter cells applicable to labs-on-a-chip [163] and polygonal
deposits without cracks for inkjet printing [180] have already
been mentioned above. Let us consider in detail the prospects
of evaporative lithography application in various areas.
One of the promising directions in micro- and optoelectron-
ics is the use of organic materials. For example, the creation
of organic transistors by drying of droplets of crystal solution
after application on a dielectric substrate by an inkjet print-
ing method [203]. Active control over deposition in an evap-
orating solution using infrared radiation can be used in OLED
(organic light-emitting diode) creation process [173]. Sedi-
ment formation in a drying droplet is one possible approach
for the production of P-OLED (polymer-organic light-emitting
diode) [204] and QLED (quantum dot light-emitting diode) dis-
plays [185, 205, 206]. Another promising application in optical
electronics is the creation of flexible thin-film photovoltaic el-
ements [207]. The authors [207] used a modification of EISA
with a tilted movable substrate to obtain cyclic thin films of per-
ovskite nanowires.
A transparent conductive structure was obtained in [200].
The authors [200] used inkjet printing process to form an ar-
ray of droplets on substrate. After the droplets dried, the sub-
strate was left with an array of ring deposits. The procedure
was repeated several times. Water ink with silver nanoparticles
content of about 0.5% of the solution weight was used. The
particle diameter was about 5–20 nm. The resulting patterns of
overlapping rings (figure 27) are characterized by good trans-
parency (95%) and resistance per square (specific resistance of
0.5 cm2 is approximately 4 Ω/). The ring had a width of about
10 µm, a height of about 300 nm, and a diameter of about 150
µm.
Figure 27: Array of interconnected rings. Reprinted with permission from
Ref. [200]. Copyright 2009 American Chemical Society.
This technology was later applied to carbon nanotubes,
which are a good alternative to traditional materials (metal ox-
ides) for optoelectronic devices [208]. In [209], liquid droplets
were applied to metal mesh placed over a plastic substrate. Af-
ter drying, the metal mesh was removed. A mesh shaped de-
posit of silver nanoparticles remained on the substrate. After
the chemical sintering of the particles by means of HCl vapor
treatment at room temperature, a transparent electrically con-
ductive flexible film was obtained [209]. Silver nanowire struc-
tures were also obtained in [210].
Plasmonic metamaterials can be manufactured using IRAEL
method [211, 212]. A mask and an IR lamp were used in [211].
After the polymer solution with gold nanoparticles (10 nm in
diameter) dried, a textured glass layer was formed (figure 28).
In the resulting solid film, nanoparticles were concentrated in
convex areas of the polymer, which were formed under the
holes in the mask. Different sizes of polymer particles (160,
280, 400 nm) were used in the experiment [211]. The proposed
approach to organizing inorganic nanoparticles in a polymeric
coating is one-step and suitable for regulating optical properties
on a macroscale with a period of several millimeters. By reduc-
ing the size of polymer particles, this technology can also be
used to obtain structures whose optical properties change with
a period of about 10 microns.
Figure 28: Schematic illustration of the IRAEL process. (a) Solution of
polymeric acrylic particles (blue) and gold nanoparticles (red). (b) Polymeric
particles sinter and form a solid coating containing gold nanoparticles. (c)
Photograph of solid film with periodic properties (scale 2 mm). (d) Three-
dimensional surface profilometry. Reproduced from Ref. [211] with permission
from The Royal Society of Chemistry.
In [212], 2D plasmonic structure of gold nanoparticles was
obtained on the surface of 3D photonic crystal without using
a mask. The authors [212] constructed a model based on the
Langevin equation. LAMMPS library was used in the calcula-
tions. The polymeric particles on the free surface of the liquid
play the role of a template. Rapid evaporation under light heat-
ing results in particles being transferred by the flow to the two-
phase liquid-air boundary (figure 29). This is the case when
Peclet number Pe > 1 (Pe = HE˙/Ds, E˙ is the evaporation rate,
Ds is the particle diffusion coefficient, H is the initial film thick-
ness). The process takes about seven minutes. Due to diffusion,
gold nanoparticles are arranged in voids between polymer par-
ticles (338 nm in diameter) near a free surface. This approach
allows for obtaining periodical nano- and microscale patterns
in a short time.
Superlattices of structured iron oxide nanospheres coated
with oleic acid can also be obtained by evaporation of droplets
on a silicon wafer [188]. In experiments [188, 213], the evap-
oration rate was controlled by placing the wafer with a droplet
inside a special cell. Moreover, particles were additionally ex-
15
Figure 29: Simulation (a–e) of the dynamics of the binary mixture of particles
in time and (f) the formation of the 2D plasmonic structure. Reprinted with
permission from Ref. [212]. Copyright 2016 American Chemical Society.
posed to weak magnetic field [188]. In [213], the staircase su-
perstructure of nanocuboids (golden core coated with silver en-
closure) was obtained in a ring-shaped deposit.
The formation of the deposit pattern can be used for diag-
nostics of diseases in health care. For example, the work [10]
describes a simple and low-cost method based on disturbance
of the coffee-ring pattern by the biomarker. The authors [10]
tested this diagnostic method in an exemplary application of di-
agnosing malaria. In the experiment, the biological sample was
mixed with a solution containing three kinds of particles. Of
these, the surface of two kinds of particles is able to interact
with the biomarker of the disease. These are magnetic parti-
cles (grey) and biomarker indicator particles (green). The third
type is inert particles (red). Biomarkers in the solution bind
the surfaces of functionalized particles (magnetic and indica-
tors). Gray particles are deposited in the central part due to the
magnetic field (figure 30). The flow of liquid carries the red
particles to the periphery of the drying droplet. In the absence
of a biomarker, the green particles are also carried to the ring
deposit being formed. The combination of red and green par-
ticles gives the ring a yellow color, indicating a negative test
result. If the result is positive, the ring color is red. In addition,
the central spot inside the ring becomes green as the indicators
are deposited together with magnetic particles. Such structures
are easy to interpret.
Another method, based on the coffee ring effect, allows de-
tecting protein molecules in the sample (e.g., thrombin) [214].
Another application in health care is the formation of micronee-
dles on a plate for local safe and painless intracutaneous injec-
tions of drugs [215, 216].
Localized fluid inclusions provide solid materials with mul-
tiple functions such as self-recovery, secretion, and controlled
mechanical properties in a spatially controlled mode. Experi-
ment [155] proposes a method for selective localization of liq-
uid drops in supramolecular gel obtained from the solution us-
ing evaporative lithography (figure 31). The formation of areas
saturated with suspended droplets occurs in the free evapora-
tion area where the nonvolatile liquid is concentrated. Thus,
the phases are separated before gel formation. In the areas with
hindered evaporation, homogeneous gel matrix is formed. The
Figure 30: Coffee ring assay schematic. Reprinted with permission from
Ref. [10]. Copyright 2011 American Chemical Society.
subareas underneath the mask openings and in the closed areas
were characterized by different functional properties: slipperi-
ness, self-healing, transparency, etc. [155]. There is no math-
ematical description of the process in [155], so the schematic
legend of figure 31 raises additional questions. For example,
how does the compensatory flow transfer relate to the redistri-
bution of the substance by the solutal Marangoni flow? Analyt-
ical assessments and mathematical modeling will allow further
understanding of the mechanisms of this process in more de-
tail. The current state of development of mathematical models
of processes related to evaporative lithography will be discussed
in the next section.
Figure 31: Control of localization of liquid droplets in a gel matrix using
evaporative lithography. (a) A homogeneous solution consisting of copolymer,
silicone oil, and volatile tetrahydrofuran. The solution film is applied to a flat
substrate and covered with a mask on top. (b) The volatile liquid evaporates
rapidly in open areas resulting in a surface tension gradient and hence mass
transfer from open to closed areas. (c) Tetrahydrofuran diffuses from closed to
open areas as does oil. (d) Nonuniform distribution of silicone oil. (e) Phase
separation due to excess oil in open areas resulting in silicone droplets forma-
tion. (f) Gelation and formation of structured coating. Reproduced with per-
mission from Ref. [155], Copyright 2016 WILEY-VCH Verlag GmbH & Co.
KGaA.
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3. Mathematical modeling of heat and mass transfer in
droplets and films under nonuniform evaporation
Modeling of micro- and nanostructures formation with
nonuniform evaporation of droplets and films allows under-
standing the basic mechanisms, finding out how to manage the
process, and obtaining particle deposit forms with greater spa-
tial accuracy. Let us consider mathematical models that de-
scribe different processes in evaporative lithography.
The model [135] describes the mass transfer of nonuniformly
dried aqueous latex film. The authors [135] used a lubrication
approximation to derive the basic equations of the model. Evap-
oration rate E˙ is considered to be a constant in open areas. In
masked areas, it is assumed that E˙ = 0. The compensatory
flows appear due to deformation of the free surface and evap-
oration. In the vertical direction, the Peclet number is equal to
zero, so it is believed that the particles are evenly distributed
throughout the thickness of the thin film. In the horizontal di-
rection, the Peclet number is equal to infinity, so the diffusion of
particles is not taken into account. Employing the mass conser-
vation law, the authors obtain equation for the time-dependent
film thickness in the lubrication approximation
∂h˜
∂t˜
+
∂
∂x˜
(︃
h˜3
∂3h˜
∂x˜3
)︃
= −J˜,
where vapor flux density J˜ is equal to 0 or 1 depending on x˜. It
mimics the effect of the mask on evaporation. The tilde symbol
denotes dimensionless values. The value of y˜ = h˜(x˜, t˜) corre-
sponds to the position of liquid-air interface. The particle trans-
fer equation is formulated in terms of mass fraction φ,
∂h˜φ
∂t˜
+
∂φh˜ ˜¯ux
∂x˜
= 0.
The y˜-averaged horizontal flow velocity
˜¯ux = h˜2
∂3h˜
∂x˜3
is obtained by considering the Laplace pressure. Along with
the capillary flow in the liquid film, the authors [135] take into
account fluid filtration in the solid film, where the mass fraction
of particles reaches a critical value φm = 0.64 corresponding
to the random dense packing of spheres. Darcy’s law was only
used to deduce the motion of the liquid front of the film, which
moves as the solid part dries up completely. The authors [135]
also obtained an additional equation that allows clearly defining
the film front with dense packing of particles. The problem was
solved numerically using 4th-order Runge-Kutta method. The
authors [135] carried out a natural experiment (figure 3). Its
results qualitatively agree with the results of their numerical
solution. In the final profile of the film, there were dips in the
area where the evaporation was blocked by the mask. This is
due to the fact that there is an outflow of mass from such an
area to the areas where evaporation takes place. The capillary
flow compensates for the loss of vaporized mass.
The explanation of the coffee-ring effect (see section 2) was
given on the basis of a simple kinematic model [28]. The com-
pensatory fluid flow was considered. The droplet profile h was
approximated by the spherical cap shape. This droplet geom-
etry is typical of small liquid volumes when the Bond number
is less than one. In this case, Laplace pressure prevails over
hydrostatic pressure. The gravity has no significant effect on
the shape of the free surface. Experimental measurements [28]
confirm that approximation of h by equilibrium form is allow-
able. The height averaged radial velocity of the compensatory
flow caused by evaporation in [28] was expressed from the law
of mass conservation,
u¯(r, t) = − 1
ρrh
r∫︁
0
dr r
⎛⎜⎜⎜⎜⎜⎜⎜⎝J(r, t)
√︃
1 +
(︃
∂h
∂r
)︃2
+ ρ
∂h
∂t
⎞⎟⎟⎟⎟⎟⎟⎟⎠ ,
where solution density ρ is a constant. The model [28] also in-
cludes particles transfer equation. Diffusion-limited model of
evaporation was used to calculate the vapor flux density J. If
evaporation can be viewed as an adiabatic process in a sense
that the vapor concentration adjusts fast enough to the change
in the drop size and shape, then the Laplace’s equation with
corresponding boundary conditions can be used as an approxi-
mation to the diffusion equation of vapor in air. An analytic ap-
proximation based on the exact solution of Laplace’s equation
obtained in toroidal coordinates was proposed. The problem
was shown to be mathematically equivalent to the known prob-
lem of electrostatic potential of a charged conductor having the
shape defined by two intersecting spheres. The disadvantage of
the approximation proposed by the authors [28] is that J → ∞
at the three-phase boundary.
Another model based on lubrication approximation was used
for a thin axisymmetric droplet of colloidal solution [217].
Thermal processes also were not accounted for, as in [135, 28].
Mass transfer in liquids was considered at the initial stage
long before the gel phase formation (single-phase model). The
droplet shape was determined by an equation derived from
the law of mass conservation of the solution. The dynamics
of mass fraction of particles in space and time was described
by the transfer equation. The flow velocity field and radial
velocity averaged by the liquid layer thickness were derived
from the NavierStokes equations taking into account the small
height of a droplet in relation to its base diameter. The pur-
pose of the work was to describe the process mathematically
for three different evaporation modes corresponding to the ex-
periments [28] (figure 2). The case where the vapor flux density
prevails near the periphery was described by the model law,
EJ˜ =
E
K + h˜
(︁
1 − e−A(r˜−1)2
)︁
,
where parameter A sets the decrease rate of J near the three-
phase boundary, evaporation number E characterizes the inten-
sity of liquid-to-vapor transition, and the nonequilibrium pa-
rameter K determines the difference between the evaporation
rate in the droplet center and near the periphery (K → 0 in case
of a rapidly evaporating liquid and K → ∞ for a nonvolatile
liquid). For even evaporation, the author [217] used the model
law,
EJ˜ =
E
4h˜(r˜ = 0)
(1 − tanh A(r˜ − r0)) ,
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where parameter r0 defines the point near the three-phase
boundary, where J tends to zero. In the third case, where evap-
oration prevails in the symmetry axis, the following model of
evaporation was used:
EJ˜ =
2E
h˜(r˜ = 0)
e−Ar˜
2
.
The three model laws of evaporation [217] are approximations
derived from different considerations, describing the process at
a qualitative level. These approximations take into account the
fact that the pinning occurs due to the accumulation of parti-
cles near the three-phase boundary [218]. Therefore, in model
laws [217], J˜ → 0 for r˜ → R˜ = 1, i.e., at the contact line.
Further, the author applied numerically implicit Gear method
to three evaporation model laws and at different values of the
main parameters (evaporation number and capillary number).
The author [217] obtained the velocity field, the dynamics of
particle distribution, the evolution of the droplet surface shape,
the change in liquid volume and the contact angle dynamics
during evaporation. The model [217] does not take into account
particle diffusion and viscosity dependence on particle concen-
tration, which significantly narrows its applicability limits.
The effect of external laser beam heating on the transport of
nanoparticles and liquid in a sessile droplet on a flat horizon-
tal substrate has been studied numerically in [219]. Such pa-
rameters as laser radiation intensity, beam diameter, solution
absorption factor, and thermal conductivity of substrate were
studied. The model takes into account the thermocapillary flow
and droplet shape change under the influence of laser radiation.
In the absence of radiation, the model demonstrated the droplet
shape as a spherical segment, which is typical of a size that is
smaller than the capillary length. When exposed to the laser,
the shape of the droplet was curved, and a dimple appeared in
the center. An increase in temperature in local areas leads to a
reduction in surface tension. When the diameter of the beam is
comparable to the size of the droplet base, the shape of the sur-
face becomes unstable, ripples appear in the form of waves. The
model [219] is based on Navier-Stokes equations written in La-
grangian coordinates. In addition, the possible coagulation of
particles was also taken into account. To resolve the problem,
the authors [219] used Galerkin finite elements method. Unfor-
tunately, the model [219] does not answer the question of what
will be the final structure of the deposit after exposure to laser
radiation and the complete evaporation of the droplet.
The method based on the effect of periodic air flow on the
polymer solution film evaporation was proposed in [220]. Liq-
uid with polymer particles is applied to the substrate above
which there is an array of airflow sources (figure 32). The sys-
tem has several geometrical parameters: nozzle hole width B,
the distance between adjacent nozzles 2W, and distance be-
tween initial position of two-phase boundary and nozzle H.
The substrate moves at a certain speed U, which is also one
of the system parameters. This method was studied numeri-
cally [220]. The mathematical model is based on the lubrica-
tion approximation, and the expression for velocity takes into
account not only the capillary flow but also the Marangoni flow,
u¯x = − h
3
3µ
∂p
∂x
+
h2
2µ
dσ
dx
.
Here, Laplace pressure is p = −σ∂2h/∂x2. Viscosity µ and
surface tension σ are expressed in the model [220] through em-
pirical dependencies on temperature and particle concentration.
The vapor flow density is described by a semiempirical depen-
dence that takes into account the difference in vapor pressure
near and away from the free film surface. The substrate motion
is simulated by changing the Biot number and Nusselt number
over time. To solve this problem, the authors [220] employed
an implicit finite-difference scheme on an irregular mesh. The
discretized scheme was solved by Thomas algorithm. Numeri-
cal calculations have shown that a moving coating (polymer so-
lution) is subject to asymmetrical changes in thickness, which
grows and levels in a sequential manner.
Figure 32: Coated film on a moving substrate is periodically blown by air
from slit nozzles. Reprinted with permission from Ref. [220]. Copyright 2009,
American Institute of Chemical Engineers (AIChE).
The effect of external laser heating on the formation of the
relief coating was simulated in [173]. A two-dimensional area
was considered, which can be divided into several subareas: the
substrate, the liquid heatsink under the substrate, the film on
the substrate, and the air area above the film. The problem was
solved in several stages. 1) The temperature distribution due to
IR illumination was calculated. 2) Solvent vapor transport was
calculated, and the vapor flux density was determined. 3) The
distribution of the dissolved substance in the liquid layer was
simulated. The first stage included solution of equation
ρ(x, y) cp(x, y) u · ∇T = ∇ · [︀k(x, y)∇T + q]︀ ,
where T is the temperature, ρ is the density, k is the heat con-
ductivity, cp is the specific heat capacity of the substance. The
cooling flow velocity in the heatsink u =
[︀
ux(y), 0
]︀
was deter-
mined explicitly (in the substrate and film u = 0). Volume
heat flux density is q = α I(y) Θ(x), where α is the absorption
coefficient, I is the radiation intensity, and Θ is the Heaviside
function for modeling of selective heating of a certain area. In
the second stage, after finding a stationary temperature profile
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on the film surface, the convective and diffusion transfer of sol-
vent vapor in the air area above the film was simulated. This
stage is described by three equations: motion equation for air-
flow velocity u, convection-diffusion equations for air temper-
ature T , and for vapor concentration s. The vapor flux den-
sity at the two-phase boundary is defined as J(x) = Dv n · ∇s,
where n is the normal vector to the free surface. In the third
stage, the mass transfer of the substance in the liquid was cal-
culated. Different approaches were used for relatively thin and
thick liquid layer. In the first case, the model includes a one-
dimensional particle mass fraction convection-diffusion equa-
tion averaged by liquid layer thickness and the free surface
dynamics equation based on the mass conservation law. The
height-averaged radial velocity is found using the lubrication
approximation. The hydrostatic and capillary pressure as well
as the surface tension dependence on concentration and tem-
perature are taken into account. In the second case, the model
includes a two-dimensional convection-diffusion equation and
the equation of motion. The authors [173] employed the arbi-
trary Lagrangian-Eulerian (ALE) scheme to describe the defor-
mation of the liquid-air interface. The results of the numerical
calculations in [173] showed the dynamics of film thickness and
particle concentration in space and time. The dependence of the
final structure on the width of the laser beam was also shown.
The evaporation of a colloidal film under a solvent-
permeable membrane with periodic thicknesses was theoreti-
cally studied in [221]. The essence of the proposed method is
that evaporation occurs more rapidly in those subregions where
the thickness of the membrane is thinner (figure 33).
Figure 33: Schematic presentation of film evaporation method under topo-
graphically patterned membrane. Reproduced from Ref. [221] with permission
from The Royal Society of Chemistry.
The authors [221] carried out numerical calculations of
mass transfer in the proposed system. The model includes
convection-diffusion and NavierStokes equations. Here, an in-
compressible liquid is considered, so the continuity equation
is stationary. The driving factor in the system is the osmotic
pressure gradient, which is part of the equation of motion. The
vapor flux density is defined using the equation of J = P∆p/d,
where P is the membrane permeability factor, ∆p is the partial
pressure driving force, and d is the membrane thickness. The
results of the calculations showed that the concentration of par-
ticles in the area where the thickness of the membrane is smaller
increases. As a result, a solid film of periodic thickness is ob-
tained. The key parameters for regulating the final pattern are
the geometrical characteristics of the membrane along with the
initial thickness of the film and the concentration of the solu-
tion.
In [222], a method for obtaining concentric deposits of col-
loidal particles was proposed (figure 34). The author [222] de-
scribed the mask geometry with annular holes. The method
was studied theoretically and computer simulations were per-
formed.
Figure 34: (a) Cylindrical cell covered with a mask on top. (b) A mask with
four annular holes. (c) Problem domain. (d) The expected result on particle re-
distribution and formation of a solid phase in the form of concentric rings [222].
The non-steady-state model [222] is based on one-
dimensional equations obtained based on mass and momentum
conservation laws. The process is described in the initial stage
when the solution can be considered diluted. In [222], the cap-
illary flow is taken into account, which is typical of a microcell
smaller than the capillary length. The subsequent modification
of the model [223] also takes into account hydrostatic pressure,
which allows considering the process in a macrocell. The mo-
tion equation takes the form
∂u¯
∂t
+ u¯
∂u¯
∂r
=
1
Ca
∂
∂r
(︃
1
l3
∂2h
∂r2
+
1
rl
∂h
∂r
)︃
−
Ar
∂h
∂r
+
1
r
∂
∂r
(︃
r
∂u¯
∂r
)︃
− u¯
r2
+
r
h
∂h
∂r
∂
∂r
(︂ u¯
r
)︂
,
where Ca is the capillary number, Ar is the Archimedes number,
and l =
√︁
1 + (∂h/∂r)2. The shape of the free surface of the
liquid in the microcell differs from that of the macrocell. This
is due to the competition between capillary and gravitational
forces. The results of the calculations show that the flow carries
particles into areas under the mask holes. Over time, the mass
fraction of particles in these areas rises. As the evaporation rate
increases, the difference in solution concentration in closed and
open areas increases too. With slow evaporation, the difference
is smoothed out. The reason for this is the competition between
diffusion and convection transfer.
The experiment with the evaporation of colloidal liquid under
the mask [136] was simulated in [224]. The two-dimensional
model is based on the law of mass conservation for suspended
substance and liquid. The motion of the liquid-air boundary
is set explicitly in the assumption that it is always flat. The
equilibrium free boundary is calculated based on an estimate
of the evaporation rate. The height-averaged radial velocity of
19
flow u¯(x, y) is determined from the mass conservation law. A
compensatory flow caused by evaporation is considered. The
convection-diffusion equation employs an additional term to ac-
count for particle deposition (particle adhesion to the substrate).
Local density of vapor flux J at the two-phase boundary in the
model [224] is determined using the solution of the Laplace’s
equation for vapor concentration in the air area. The value of
J was calculated for the initial film height. The dependence of
this solution on the further dynamics of the free surface was not
considered. The authors [224] considered the effect on mass
transfer of parameters such as the distance between the mask
and liquid, the ratio of the hole radius in the mask to the hole
distance, the deposition rate of particles, the value of the diffu-
sion coefficient, and the initial particle fraction.
The evaporation of aqueous latex film under the mask and IR
lamp (see section 2) [154] was simulated in [225]. The model
includes convection-diffusion equation, equation based on mass
conservation law for the solution to describe the film thickness
dynamics, heat transfer equation for liquid and heat conduction
equation for substrate. The height-averaged radial flow veloc-
ity is calculated using the lubrication approximation. The em-
pirical formula is used to describe the dependence of viscosity
on the particle concentration. In [225], the liquid-solid phase
transition is considered to take place when a critical solution
concentration cg = 0.7 is achieved. For the vapor flux den-
sity, a theoretical formula is used, which takes into account the
dependence of the evaporation rate on the liquid temperature.
This formula has been modified to further take into account the
effects of particle concentrations and hole size in the mask. The
model takes into account such temperature effects as thermod-
iffusion of heat in liquid and substrate, convective heat transfer
in liquid, film cooling by evaporation, liquid and substrate heat-
ing by IR light, heat transfer between liquid and substrate. As
a result of numerical calculations, the dynamics of the temper-
ature, the particle mass fraction, the liquid-glass boundary, the
vapor flux density, and the free surface of the film were ob-
tained [225]. The final thickness of the solid patterned film
is well agreed with experiment [154]. In the end of the pro-
cess, the value of h varies between 3 and 80 µm. The capillary
flow velocity initially increases due to an increased vapor flux
density. Subsequently, it begins to decrease due to viscosity
increasing.
A mathematical model [174] was developed for the active
method of evaporative lithography when a source of dry airflow
in the form of concentric nozzle is located above the film (see
section 2). The problem was solved in two domains, namely, in
a liquid film and in the air above it. The steady-state equations
were used for the air domain. The model [174] describes the
airflow velocity using the motion equation. The vapor concen-
tration is described by convection-diffusion equation. Solving
these equations allows calculating the vapor flux density on the
free surface of the film. In addition, when calculating J, the
authors [174] roughly considered its dependence on the particle
concentration at the two-phase boundary. The nonsteady equa-
tions are used to describe mass transfer in film. In the motion
equation, viscosity is taken out of the derivative, but in this case
its dependence on the concentration of particles is explicitly de-
scribed (and implicitly depends on space coordinate). The par-
ticle transfer is described by the convection-diffusion equation,
in which the diffusion factor is considered a constant value.
To solve the problem [174], the ALE method was used. The
dynamics of film thickness and particle concentration in space
and time were described using numerical simulations. The final
thickness of the solid film for different values of dry air flow
rate from the concentric nozzle is obtained. The numerical re-
sults are in qualitative (in some cases quantitative) agreement
with the experimental results [174].
The authors [186] used 1D model based on the lubrica-
tion approximation to mathematically justify their experimen-
tal method (see section 2.3). The expression for the height-
averaged flow velocity takes into account the effect of capillary
pressure, solutal Marangoni flow, and substrate motion. The
viscosity depends on the concentration of the solution and is
described empirically. The evaporation rate depends linearly on
the concentration of the polymer solution in the model [186].
Thus, a number of models have been developed so far for
evaporative lithography. These models are based on different
approaches, for example, kinematic approach or lubrication ap-
proximation. To solve these problems, the authors use different
methods, for example, finite-difference method (FDM) or finite
element method (FEM). As a rule, processes are considered in
liquids (single-phase models without film solidification). Two-
phase models are used less frequently due to their complexity.
In reality, due to evaporator loss, different phase transitions oc-
cur, for example, liquid-vapor phase transition, glass formation
during melting and cooling of polymer sediment, sol-gel tran-
sition and salt crystals formation as solution concentration in-
creases. Some models take into account multiphase systems. In
different complex systems, certain flow types prevail, for exam-
ple, Marangoni or Rayleigh-Be´nard convection, capillary flow,
etc. Often, additional effects, such as sedimentation, coagula-
tion, etc., have to be considered. As a part of the analysis of the
state-of-the-art in this direction, table 1 contains comparative
characteristic of the models.
4. Conclusions and outlooks
Evaporative lithography is a new field that is currently being
actively developed. This type of lithography is based on gen-
erating ambient conditions for nonuniform evaporation along
the free surface of a droplet or film. The resulting convection
flows may be caused by different forces, but in any case their
initial cause is evaporation. For example, compensatory flows
caused by the deviation of the free surface shape from the equi-
librium position can be induced by both capillary and gravita-
tional forces. Nonuniform evaporation often results in a varia-
tion of fluid temperature and solution concentration on the free
surface. This results in a surface tension gradient, which causes
emergence of Marangoni flows. If temperature and concentra-
tion gradients occur in a certain volume, then Rayleigh-Be´nard
flows emerge associated with heterogeneity of density. Other
mechanisms of flow generation are also possible that eventually
carry the dissolved substance or particles suspended in liquids
20
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to the required local areas, forming spatially patterned deposit
in a controlled manner.
The methods of evaporative lithography can be divided into
active and passive. In passive methods, the key parameter val-
ues are set initially (the size of the hole in the mask, the width
of the gap between the liquid and the mask, the initial parti-
cle concentration or film thickness, the distance between the
holes, the geometry of the membrane, etc.). In contrast to pas-
sive methods, active methods are characterized by the presence
of key parameters that can be adjusted in real time (radiation
power, airflow velocity, substrate motion speed, etc.). This
allows one dynamically influencing the geometry of the pat-
tern being formed. Hybrid methods that combine evaporative
lithography with other EISA or non-EISA approaches can be
identified as a separate subgroup. This expands the possibilities
of evaporative lithography, which stimulates active research in
this area. The great interest in evaporative lithography is driven
by many promising applications in various fields. Let us men-
tion just a few of them. The creation of transparent flexible
conductive films and organic transistors is extremely important
for optical and microelectronics. In nanotechnologies, special
attention is paid to functional coatings when the obtained thin-
film pattern has the required physical and chemical properties.
New miniature instruments are created for health care devel-
opment allowing express-diagnostics and delivery of drugs to
particular parts of the human body.
Along with experimental studies, mathematical models are
being developed and improved. Theoretical and numerical
studies facilitate understanding of the physical processes tak-
ing place in evaporative lithography. Modeling allows identi-
fying key system parameters and facilitates the determination
of the range of parameter values for efficient control over pat-
terns formation with required geometrical and physicochemical
characteristics. Currently, there are several models describing
the process of heat and mass transfer in evaporative lithogra-
phy. In most cases, these are one-dimensional and/or single-
phase models that only take into account individual processes
at a qualititative level. Development in this direction is rela-
tively slow due to the complexity of phenomena and processes
observed in evaporative lithography.
Further development of evaporative lithography will allow
obtaining patterned deposits and solid patterned films with
more accurate spatial resolution. This will enable forming the
patterns on substrate that will not look blurred. Such micro-
and nanostructures may be further needed for new applications
in the biosensors, labs-on-chip, functional coatings, and many
others. For this purpose, existing passive and active methods
must be improved. New methods must be also developed. A
hybrid approach is most likely to achieve significant results. It
is hoped that further experimental studies on evaporative lithog-
raphy will help resolve some of the existing technical difficul-
ties. For example, one of the problems that deserve attention is
a necessity to increase an area of a formed coating. Nowadays,
such an area is usually measured in square millimeters or cen-
timeters. However, such dimensions are insufficient for some
applications. An example is a problem of boat hull surface
microstructuring to obtain a coating that prevents the growth
of marine organisms [226]. Further development of theoreti-
cal studies and mathematical modeling in evaporative lithog-
raphy seems especially important in terms of improvement of
the control over the pattern forming process. We believe that
the development of more complete and, hence, more complex
mathematical models requires a special focus. This, primarily,
refers to multiphase and multidimensional simulations. Matters
of interest include liquid rheology, flows in porous media, drop
or film solidification (its phase transition into glass, gel, melt,
etc.), thermal, physical, and chemical properties of substrate
(e.g., composite surfaces or porous wafers), binary particle sys-
tems (including those with versatile shape and properties), etc.
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